Primary follicles retrieved from B6CBAF1 prepubertal mice were cultured in a stepwise manner in an alpha-minimum essential medium-based medium to generate viable embryos and embryonic stem cell (ESC)-like cells. A significant increase in follicle growth and oocyte maturation accompanied by increased secretion of 17beta-estradiol and progesterone was achieved by exposing primary follicles to 100 or 200 mIU of follicle-stimulating hormone (FSH) during culture. More oocytes developed into blastocysts following in vitro fertilization (IVF) or parthenogenetic activation after culture with 200 mIU of FSH during the entire culture period than with 100 mIU. Eleven ESClike cell lines, consisting of four heterozygotic and seven homozygotic phenotypes, were established from 25 trials of primary follicle culture combined with IVF or parthenogenetic activation. In conclusion, primary follicles can potentially yield developmentally competent oocytes, which produce viable embryos and ESC-like cell lines following in vitro manipulation. We suggest a method to utilize immature follicles, which are most abundant in ovaries, to improve reproductive efficiency and for use in regenerative medicine.
INTRODUCTION
Approximately 300 000 immature follicles at different developmental stages are present in each human ovary, and the number decreases gradually with age [1, 2] . Among these, only approximately 400 follicles yield mature oocytes during a lifetime, whereas the others undergo atresia [3, 4] . Recently, attempts have been made to utilize immature follicles to produce developmentally competent oocytes. Live offspring and homozygous or heterozygous embryonic stem cell (ESC) lines have been generated by manipulating secondary follicles [5] [6] [7] [8] , but only limited success producing mature oocytes has been achieved using primary follicle culture [9] . Consequently, we used primary follicles to generate viable homozygotic and heterozygotic phenotype embryos and ESCs.
Primary follicles (diameter, 70-100 lm) consist of cuboidal granulosa cells, a basement membrane attached to theca cells, and a premeiotic oocyte [10, 11] . To increase the efficiency of the culture system, we employed a sequential culture protocol and stimulated follicles using exogenous follicle-stimulating hormone (FSH). Two series of experiments were performed. First, the effect of adding FSH to the culture medium on follicle growth, oocyte maturation, morphology, steroid hormone production, and receptor number was determined. Second, the developmental potential of oocytes derived from in vitro primary follicle culture was evaluated. Culture of embryos and zona-free blastocysts for plating inner cell mass (ICM) cells was conducted sequentially following in vitro fertilization (IVF) and parthenogenetic activation of oocytes.
MATERIALS AND METHODS

Experimental Design
In the first series of experiments, primary follicles were sequentially cultured in medium to which 0, 100, or 200 mIU of recombinant FSH were added in different combinations (no addition as the control treatment or twostep treatments of 0 and 100, 200 and 100, 100 and 200, or 200 and 200 mIU for the primary and secondary cultures, respectively). Follicle growth was monitored by enumerating the morphologically normal primary, early secondary, and late secondary follicles. The follicles forming a pseudoantrum and the number of diffused and matured oocytes were subsequently monitored. Steroid hormone production of the follicles cultured with or without 200 mIU of FSH was measured. Additionally, the number of FSH and luteinizing hormone (LH) receptors in the follicles cultured with or without 200 mIU of FSH was quantified by Western blot analysis and immunocytochemistry.
In the second series of experiments, development of inseminated or parthenogenetically activated oocytes derived from the follicles cultured in the medium supplemented with 0, 100, or 200 mIU of FSH was monitored. The first cleavage, blastocyst formation, and mean number of blastocysts obtained per animal were evaluated. The blastocysts obtained were subsequently used for the isolation of embryo-derivedstem cells.
Animals
Eleven-day-old B6CBAF1 (C57BL/6 3 CBA/Ca) female mice served as donors of preantral follicles. All procedures for animal management, breeding, and surgery followed the standard protocols of Seoul National University, Korea. The Institutional Animal Care and Use Committee at Seoul National University approved our research proposal in April 2005 (approval SNU0050331-02).
Isolation of Follicles
The ovaries retrieved from 12 euthanized female mice were placed in L-15 Leibovitz-GlutaMAX medium (Gibco Invitrogen) supplemented with 10% (v/ v) heat-inactivated fetal bovine serum (FBS; HyClone Laboratories). A nonenzymatic, mechanical method was employed for retrieving the preantral follicles. Mouse preantral follicles were isolated by using a 30-gauge needle without enzymatic digestion [6] . Primary follicles were selected from the preantral follicles by the conventional criteria [10, 11] and subsequently used in the experiments.
In Vitro Culture of Follicles
The total duration of follicle culture was 11 days, which consisted of a 4-day primary culture and a 7-day secondary culture. Different supplementation of culture medium was made for each culture step. At the end of primary culture on Day 4, the cultured follicles were placed into a new culture dish.
The primary follicles were placed singly in 10-ll culture droplets overlaid with washed-mineral oil (Sigma-Aldrich Corp.) in 60-3 15-mm Falcon plastic Petri dishes (Becton Dickinson). The medium used for primary culture of primary follicles was a ribonucleoside-and deoxyribonucleoside-free aminimum essential medium (a-MEM)-GlutaMAX medium (primary-culture medium; Gibco Invitrogen) to which 1% (v/v) heat-inactivated FBS as well as 5 lg/ml of insulin, 5 lg/ml of transferrin, and 5 ng/ml of selenium liquid medium (ITS medium) and 100 or 200 mIU of recombinant FSH (Organon), 10 mIU/ml of LH (Sigma-Aldrich Corp.), and 1% (v/v) penicillin/streptomycin were added. On Day 1 of culture, an additional 10 ll of fresh medium were added to each droplet, and half of the medium was changed on Day 3. Morphological normality and integrity of the primary follicles were monitored during culture, and the size of the follicles was measured under an inverted microscope on Day 4 of culture. The number of primary follicles developing into early and late secondary follicles was counted at the end of primary culture on Day 4.
The primary follicles that maintained their morphological normality on Day 4 were then cultured in 10-ll droplets of a ribonucleoside-and deoxyribonucleoside-containing a-MEM-GlutaMAX medium (catalog no. 12571-063; Gibco Invitrogen) supplemented with 5% (v/v) heat-inactivated FBS, 5 lg/ml of insulin, 5 lg/ml of transferrin, and 5 ng/ml of selenium liquid medium (ITS), 100 or 200 mIU/ml of recombinant FSH, and 1% (v/v) penicillin/streptomycin (secondary-culture medium). On Day 5, 10 ll of fresh medium were added to the culture medium, and half of the medium was changed daily from Day 7 to the end of culture. To trigger maturation, 2.5 IU/ml of human chorionic gonadotropin (hCG; Pregnyl; Organon) and 5 ng/ml of epidermal growth factor (Sigma-Aldrich Corp.) were added to the culture medium 16 h before the end of the secondary culture on Day 11.
Derivation of Mature Oocytes and IVF and Parthenogenetic Activation
The number of the follicles forming pseudoantrum, an intercellular space between granulosa cells, was determined on Day 11 of culture. The number of the oocytes spontaneously dissociated from the follicles (defined as mucified oocytes) was evaluated. Some of the mucified oocytes remaining as intact cumulus-oocyte complexes were used for in vitro insemination with epididymal semen. Potassium simplex optimized medium (KSOM) was employed as the basal medium for in vitro insemination, and oocytes were incubated with the sperm for 4-6 h. In the case of parthenogenetic activation, mucified oocytes were freed from cumulus cells by 200 IU/ml of hyaluronidase solution, and the number of oocytes matured was subsequently evaluated. Mature oocytes were parthenogenetically activated in KSOM supplemented with 10 mM SrCl 2 and 5 lg/ml of cytochalasin B for 4 h [7] .
In Vitro Culture of Oocytes Inseminated In Vitro or Activated Parthenogenetically
Inseminated or parthenogenetically activated oocytes were subsequently cultured in a 5-ll droplet of modified Chatot, Ziomek, and Bavister (CZB) medium consisting of 81.6 mM NaCl, 4.8 mM KCl, 1.2 mM KH 2 PO 4 , 1.2 mM MgSO 4 Á7H 2 O, 1.7 mM CaCl 2 Á2H 2 O, 25.1 mM NaHCO 3 , 31.3 mM sodium lactate, 0.3 mM sodium pyruvate, 1 mM glutamine, 0.1 mM ethylenediaminetetra-acetic acid (EDTA), 1% (v/v) penicillin/streptomycin, and 5 mg/ml of bovine serum albumin. Putative embryos were cultured at 378C in 5% CO 2 in air, and cleavage and blastocyst formation were monitored under an inverted microscope (Eclipse TE-3000; Nikon) at 48 and 124 h after in vitro insemination.
Establishment of Colony-Forming Cells by Subculturing of ICM Cells
At 144-146 h after hCG treatment, the zona pellucida of the blastocysts derived from IVF and parthenogenetic activation were removed using acidic Tyrode solution, and the zona-free blastocysts were subsequently cultured on a feeder layer of mouse embryonic fibroblasts (MEFs). The MEFs were treated with mitomycin C (Chemicon) and cultured in gelatin-coated, four-well multidishes. Modified knockout Dulbecco minimal essential medium (Gibco Invitrogen) was used for initial culture of the blastocysts [6] , and on Day 4 of culture, ICM-derived, colony-forming cells were removed mechanically from the primary feeder cells and replated on new feeder cells in 35-3 60-mm tissue culture dishes.
Characterization of Colony-Forming Cells
For stem cell characterization with stem cell-specific markers, colonyforming cells maintained by subculturing 20 times were fixed in 4% (v/v) formaldehyde (Sigma-Aldrich). The reactivity of the ESC-like cells to alkaline phosphatase (AP) was assessed with Fast Red TR/naphthol AS-MX phosphate Only primary follicles with normal morphology on Day 4 of culture were transferred to the secondary culture medium and the size of the follicles cultured was measured at the end of culture. z Percentage of the number of primary follicles cultured. § Percentage of the number of primary follicles with normal morphology. jj Percentage of the number of mucified oocytes. abcd Different superscripts within the same parameter indicate significant differences among the treatments, P , 0.05.
(Sigma-Aldrich). Antibodies against POU5F1 (Oct-4; BD Biosciences), stagespecific embryonic antigen (SSEA)-1 (Developmental Studies Hybridoma Bank), SSEA-3 (Developmental Studies Hybridoma Bank), SSEA-4 (Developmental Studies Hybridoma Bank), and integrins a6 and b1 (Santa Cruz Biotechnology) were provided for the marker staining. Localization of SSEA-1, SSEA-3, SSEA-4, POU5F1, and the two integrins was performed using the Alexa Fluor 488-or 568-conjugated anti-mouse antibody (Molecular Probes). The reactivity of ESC-like cells to AP was detected by using the Dako LSAB2 System-HRP (DakoCytomation). The expression of stemness-related genes (Pou5f1, Nanog, Rexo1, Tdgf1 [Cripto], Lifr, Sox2, and Gdf3) and sexing with Y chromosome-specific Zfy were detected by RT-PCR. Fluorescence-activated cell sorting (FACS) analysis was also undertaken to confirm the chromosomal normality of the cell lines established.
Differentiation Analysis
To confirm spontaneous differentiation in vitro, the colony-forming cells were treated with 0.04% (v/v) trypsin-EDTA (Gibco Invitrogen), and the dissociated cells were subsequently transferred to 100-mm plastic Petri dishes that contained leukemia-inhibitory factor (LIF)-free Dulbecco modified Eagle medium (Gibco Invitrogen) supplemented with 10% (v/v) FBS. When embryoid bodies (EBs) were formed by the LIF-free culture, they were seeded separately into four-well culture plates and cultured for 10-14 days. The EBs were subsequently stained with the following specific markers for the three germ layers: nestin (Santa Cruz Biotechnology) and S-100 (Biodesign International) for ectodermal cells, smooth muscle actin (Biodesign International) for mesodermal cells, and a-fetoprotein (Biodesign International) for endodermal cells. Antibody localization was conducted with the DakoCytomation kit (DakoCytomation).
For monitoring colony-forming cell capacity to differentiate in vivo, 1 3 10 7 colony-forming cells were injected subcutaneously into nonobese diabetic/ severe combined immunodeficient (NOD-SCID) mice [6] . Teratomas that formed in the subcutaneous region of the injections were collected 6 wk posttransplantation and fixed with 4% (v/v) paraformaldehyde (SigmaAldrich). After embedding in paraffin blocks, the tissues were stained with FIG. 1. Production of E2 and P4 during culture of primary follicles. Primary follicles were cultured in the media supplemented with or without 200 mIU of FSH. The medium used for primary follicles was collected on Days 3, 4 (the end of primary culture), 7, 9, and 11 (the end of secondary culture). A) Morphology of primary follicle cultured in the medium supplemented with 200 mIU of FSH (a3 and a5) or without FSH (a2 and a4) on Day 4 (a2 and a3) and Day 11 (a4 and a5). An immediately isolated, single-layered follicle is also shown (a1). Decreased proliferation (compared with FSH addition) and breakdown of follicle structure were noticed in the group not exposed to FSH, whereas no difference in follicle viability between the two groups was seen after addition of FSH. Bar ¼ 25 lm (a1, a2, and a3) and 50 lm (a4 and a5). B and C) Changes in E2 (B) and P4 (C) production (ng/ml) caused after addition of FSH. Differences marked by an asterisk are significant (P , 0.05), and data are presented as the mean 6 SD.
hematoxylin and eosin for examination under a phase-contrast microscope (BX51TF; Olympus).
ELISA of Estradiol and Progesterone
To improve the accuracy of data, all experiments were replicated three times, and standard operation protocols for sample collection, storage, and measurement were employed. The media used for culture of primary follicles were collected on Days 3, 4 (the end of primary culture), 7, 9, and 11 (the end of secondary culture). The supernatant was collected and stored at À208C for analysis of 17b-estradiol (E2) and progesterone (P4). E2 and P4 were measured using an Estradiol EIA Kit (Oxford Biomedical Research) and a progesterone immunoassay kit (Oxford Biomedical Research). Colorimetric analysis was conducted with a microplate reader (Bio-Rad Laboratories) at 650 nm. The ELISA-calorimetric analysis detected less as 0.02 ng/ml of each hormone, which was calculated based on our preliminary results (data not shown).
Gonadotropin-Receptor Analysis
Antibodies for FSH receptor (FSHR; catalog no. ab65975; Abcam) and LH receptor (LHR [H-50]; catalog no. sc-25828; Santa Cruz Biotechnology) were provided for immunocytochemistry. Localization of FSHR and LHR was performed using the Alexa Fluor 488-conjugated anti-mouse antibody (Molecular Probes) or the Alexa Fluor 568-conjugated anti-mouse antibody (Molecular Probes). Fluorescence intensities of LHR and FSHR in the follicles cultured under different environments were observed under a laser-scanning confocal microscope (Bio-Rad Laboratories).
For Western blot analysis, follicle homogenates (7 lg of protein) were separated by 10% SDS-PAGE and transferred to a nitrocellulose membrane. The primary antibodies were detected using goat anti-rabbit immunoglobulin (Ig) G or rabbit anti-goat IgG conjugated to horseradish peroxidase. The results were visualized with a Rodeo ECL Western Blotting Detection Kit (USB Corporation). Anti-actin (catalog no. sc-1615) was purchased from Santa Cruz Biotechnology. 
Analysis of DNA Content in Established
Statistical Analysis
All experiments were replicated at least three times, and the same replication of each treatment was conducted within one experiment. Numerical data obtained from three or more replicates were statistically analyzed with a generalized linear model (PROC-GLM) in Statistical Analysis System (SAS) software (SAS Institute, Inc.). When significant model effects were detected, each treatment effect was compared by the least squares method. The level of significance in model effect and pair comparison was considered to be P , 0.05.
RESULTS
In Vitro Growth of Primary Follicle and Maturation of Intrafollicular Oocytes
In total, 450 primary follicles were collected, and 84% (379/ 450) of those maintaining morphological integrity were subsequently used in culture (Table 1) . A significant model effect (P , 0.0367) was detected for primary follicle growth in vitro. Significantly more (P ¼ 0.0367) follicles developed to the early secondary (40%-53% vs. 32%-39%) and to the late secondary (26%-53% vs. 0%) stages after exposure to 200 mIU of FSH during even a partial culture period than after exposure to the control treatment and the two-step treatment with 0 and 100 mIU of FSH. Significantly more (P , 0.0001) follicles in the groups exposed to 100 and 200, 200 and 100, and 200 and 200 mIU of FSH developed to the pseudoantral stage (34%-40% vs. 0%-10%), resulting in mucified oocytes, than in those groups not exposed to FSH (3%-37% vs. 61%-76%). Exposure of primary follicles to 200 mIU of FSH yielded the best follicle growth and oocyte maturation results.
In a preliminary experiment, we evaluated the viability differences between two groups (no treatment vs. 200 and 200 mIU of FSH) by ELISA using Cell Counting Kit-8 (Dojindo Laboratory) on different days of culture and overall, but no significant difference in follicular viability between the optimal 200 mIU of FSH exposure and no exposure was observed (Supplemental Fig. S1 , all Supplemental Data are available online at www.biolreprod.org). However, the granulosa cell layer of the primary follicles did not expand (Fig. 1Aa2) , and granulosa cells appeared flattened (Fig. 1Aa1) . Premature detachment of oocytes from the follicular cell matrix (Fig.  1Aa4) was observed in the group not exposed to FSH. In contrast, primary follicles treated with 200 mIU of FSH contained proliferating granulosa cells (Fig. 1Aa3) and formed a pseudoantrum (Fig. 1Aa5) . Increased E2 production (Fig. 2B) was detected from Day 7 of culture in the FSH-exposed group compared with that in follicles not exposed to FSH (0.007 vs. 0.385 ng/ml). Regardless of FSH exposure, E2 production remained at undetectable levels on Days 3 and 4 of culture. P4 production was also higher in follicles exposed to FSH than in those that were not exposed (Fig. 1C) . Unlike E2, P4 production was detected on Days 2 and 3 of culture (0.042-0.117 ng/ml). A decrease in P4 production on Day 7 of culture was observed, followed by an increase (P , 0.05). P4 production was 0.117, 0.021, and 0.266 ng/ml in the FSHexposed group and 0.042, 0.003, and 0.068 ng/ml in the unexposed group on Days 3, 7, and 11 of culture, respectively. The immunocytochemistry and Western blot analysis to detect differences in FSHR and LHR after FSH treatment revealed strong signals, reflecting the abundance of FSHR and LHR in follicles from the FSH treatment group compared with those from the control group (Fig. 2) . We conducted a Western blot analysis to clarify the differences in LHR and FSHR between the two groups (Fig. 3) . The results showed significant differences in LHR (P ¼ 0.0014) and FSHR (P ¼ 0.0409) expression between the treatment groups. Higher LHR and FSHR expression was detected in the media of primary follicles cultured with FSH compared with the media of primary follicles cultured without FSH.
Preimplantation Development and ESC-Like Colony Formation after Culture of Primary Follicles
As shown in Table 2 , only mature oocytes (Fig. 4) derived from primary follicles exposed to FSH developed into blastocysts (Fig. 4D) , and normal developmental stages (Fig.  4 , B and C) occurred after IVF (31%-38%), resulting in a significant increase in the number of blastocysts obtained per animal after culture of primary follicles in FSH-containing medium (9.3 vs. 12.3 blastocysts/animal). However, no significant differences in mucified oocytes before IVF (91% vs. 93%), at first cleavage (47% vs. 53%), or during blastocyst formation (31% vs. 38%) were observed among follicles in the various FSH doses ( Table 2 ). Patterns of embryo development after parthenogenetic activation were similar to those seen after IVF (Table 3) . Although no significant model effects were detected among FSH doses (P , 0.0582), more oocytes developed into blastocysts after parthenogenetic activation in the group exposed to 200 mIU of FSH than in the other groups (29% vs. 18%).
In a different set of experiments, 12 primary follicle culture programs combined with IVF and 13 combined with parthenogenetic activation were conducted. A total of 570 mucified oocytes (284 for IVF and 286 for parthenogenesis) were used to establish ESC-like colony-forming cells. Overall, 51%-58% of these oocytes underwent cleavage, and 41%-61% of cleaved oocytes developed into blastocysts. Attachment of the ICM was observed in 94% of seeded blastocysts after IVF or parthenogenesis. A significant difference in the seeding rate (P ¼ 0.011) was detected between IVF and parthenogenesis, whereas no significant differences were found for other parameters. Eleven ESC-like cell lines, four from IVF and seven from parthenogenesis, were established (Table 4) . A flow cytometric analysis showed that the cell lines established through IVF (Fig. 5B ) and parthenogenetic activation (Fig. 5C ) had similar karyotypes compared with those of E14 ESC cell line (Fig. 5A) .
Colonies formed in ICM cells by culturing zona-free blastocysts on mitomycin C-treated MEFs (Fig. 6Aa1) . ICM cell clumps appeared immediately after subculture (Fig. 6Aa2) , and colony-forming cells appeared during subculture of ICM cell clumps with trypsin-EDTA solution (Fig. 6Aa3) . All cell lines established were positive for AP, anti-POU5F1, anti-SSEA-1, anti-integrin a6, and anti-integrin b1 antibodies ( Primary follicles developing to more than 100 lm in diameter were considered as secondary follicles. z Percentage of the number of primary follicles with normal morphology. § Percentage of the number of muclfied oocytes. abc Different superscripts within the same parameter indicate significant differences among the treatments, P , 0.05.
Rexo1, Tdgf1, Lifr, Sox2, and Gdf3) were expressed by the colony-forming cells (Fig. 6C) . We performed RT-PCR using Zfy1-specific primers to examine the origin of the established cells (Fig. 6D) . The results revealed that the established cell lines possessed the Y sex chromosome and were derived through normal fertilization. The colony-forming cells formed EBs in LIF-free medium and were positive for markers of the three germ layers (a-fetoprotein, nestin, S-100, and smooth muscle actin) (Fig. 7A) . When colony-forming cells were transplanted subcutaneously into NOD-SCID mice, they formed teratomas consisting of three germ layer-derived cells (Fig. 7B) .
DISCUSSION
We demonstrated that primary follicles can generate developmentally competent oocytes in a two-step, in vitroculture system, which contributes to producing viable embryos and homozygous and heterozygous ESC-like cells. No changes in chromosome number were detected in the ESC-like cells produced. However, the developmental competence of the primary follicle-derived oocytes remained low, demonstrating that further improvements in the follicle-culture system are necessary. Studies of ovarian follicle culture conducted in various species, such as hamsters [12] , sheep [13] , cattle [14, 15], humans [16, 17] , and mice [5, 18, 19] , have demonstrated limitations in the follicle-culture system. Eppig and his colleagues produced live offspring in mice after IVF of mature oocytes derived from in vitro secondary follicle culture [5] . Cortvrindt et al. [19] established a simplified in vitro-culture system for early preantral follicles using a drop-culture system. Using this system, homologous ESC lines were successfully established following parthenogenetic activation of oocytes from in vitro preantral follicle culture [6] [7] [8] . The development of primary into secondary follicles using neonatal ovarian cultures has been reported by Sadeu et al. [20] . The derivation of developmentally competent oocytes by culturing primary follicles was reported by Lenie et al. [9] . To our knowledge, however, viable embryo production has not been previously reported. In the present study, we established a primary follicleculture system for producing viable homozygotic and heterozygotic blastocysts and ESCs.
Follicle-stimulating hormone is necessary for viable oocyte recovery [21] , oocyte maturation [22] , granulosa cell proliferation [23] , formation of antral-like cavities [24] , and cumulus cell expansion [25, 26] . Exposure of primary follicles to exogenous FSH is a prerequisite for producing developmentally competent oocytes and stimulates E2 and P4 production in follicles. In the present study, the addition of FSH to culture medium containing primary follicles did not increase the number of FSHR or LHR, but a significant (P , 0.05) increase in E2 and P4 production was detected. These results suggest that FSH-and LH-related signals may be stimulated by exogenous FSH and subsequently increase the abundance of relevant receptors. According to previous studies, E2 works in concert with FSH to increase the abundance of FSHR and LHR per granulosa cell [27, 28] . Primary follicles may express a sufficient number of FSHR and LHR to stimulate follicle growth and oocyte maturation. These observations suggest that normal primary follicles can be used for in vitro culture. As long as a suitable environment is created, primary follicles can produce mature oocytes in vitro.
A slight decrease in P4 production was detected during Days 3-7 of culture. Although this decrease was not significant, such a decline in P4 production might reflect a shift in granulosa cell function. In fact, granulosa cells differentiate with increased proliferation during folliculogenesis in vivo [29] [30] [31] , and we also found significant changes in the structure of the follicular matrix during in vitro primary follicle culture. However, why steroid production decreased during the early stage of follicle differentiation in vitro was unclear. Such aberrant secretion may result from differences between the in vivo and in vitro environments. Alternatively, an error may have been made in hormone measurement, because P4 levels were lower than those reported in other studies. Our standard laboratory operation protocol was employed for sample collection, storage, and measurement of the hormones, and experimental design and management were strictly executed to avoid data errors between treatments. Accordingly, the presence of fewer granulosa cells in primary than in secondary follicles may have resulted in the reduced hormone production observed. The lower P4 concentrations could also have been due to the use of supernatants for the analysis or to different operating protocols. In the present study, we used conditioned media to noninvasively analyze hormone secretion. The level of P4 in conditioned medium was less than the minimal level of detection. In our preliminary experiment, the minimal concentration of P4 was similar to that of E2. Nevertheless, the data showing no detectable P4 may not indicate decreased P4 secretion by follicular cells due to the medium used for the analysis.
The present results demonstrated that simple exposure of primary follicles to FSH contributed significantly to producing developmentally competent oocytes, which assisted in establishing ESCs-like cells through IVF and parthenogenetic activation. Our data confirmed the beneficial role of exogenous FSH for growing preantral follicles even under different culture systems. The FSH doses used in the present study were well above physiological levels and more than 10-fold the level required by follicles in vitro to grow into normal blastocysts with proof of live offspring. Nevertheless, such high doses may lead to positive effects on blastocyst formation without necessarily being proof of ability to produce live births. In the presence of hCG, FSH doses of greater than 100 mIU were not necessary for oocyte maturation in the system employed.
We established ESC-like cells with a normal ESC profile by generating viable blastocysts, which further expands this technique for stem cell engineering. We showed that immature follicles can be rescued from atresia. Eleven ESC lines established from IVF or parthenogenesis were successfully maintained in vitro for more than 20 passages, and additional characterization demonstrated their stability as ESC lines. In addition to the feasibility of the follicle-culture technology for reproductive purposes, the establishment of stem cells followed by parthenogenesis of follicle-derived oocytes can be applied to generate immune-specific therapeutic materials for both animals and humans.
In conclusion, further efforts to improve in vitro growth of primary follicles are necessary to generate more developmentally competent oocytes, and the technology used in the present study will contribute to the development of novel assisted reproductive technologies in the field of reproductive medicine and domestic animal reproduction as well as to the field of cell regenerative medicine. Our data confirmed the earlier findings of Lenie et al. [9] on the feasibility of in vitro folliculogenesis. Infertile patients suffering from ovarian dysfunction can be treated with this technology. This system can also be employed to increase reproductive efficiency in endangered species and contribute to understanding various biological procedures for folliculogenesis and granulosa cell differentiation. Stem cell engineering could use this follicle-manipulation technology to generate various ESC-derived biomaterials for therapeutic purposes.
